In 1999, Wan et al. [Proc. Natl. Acad. Sci. USA 96, 6014 -6019] published a pioneering paper that established the entanglement between DNA base pair motions and the transfer time of the charge carrier. The DNA assemblies contained an ethidium covalently bound via a flexible alkyl chain to the 5 hydroxyl group of the DNA backbone. Although covalently attached, the loose way in which the ethidium was linked to DNA allowed for large degrees of conformational freedom and thus raised some concern with respect to conformational inhomogeneity. In this letter, we report studies on a different set of ethidium DNA conjugates. In contrast to the ''Caltech systems,'' these conjugates contain ethidium tightly incorporated (as a base pair surrogate) into the DNA base stack, opposite to an abasic site analog. Despite the tight binding, we found that charge transfer from the photoexcited ethidium base pair surrogate across two or more base pairs is several orders of magnitude slower than in case of the DNA systems bearing the tethered ethidium. To further broaden the scope of this account, we compared (oxidative) electron hole transfer and (reductive) electron transfer using the same ethidium chromophore as a charge donor in combination with two different charge acceptors. We found that both electron and hole transfer are characterized by similar rates and distance dependencies. The results demonstrate the importance of nuclear motions and conformational flexibility and underline the presence of a base gating mechanism, which appears to be generic to electronic transfer processes through -stacked nucleic acids.
In 1999, Wan et al. [Proc. Natl. Acad. Sci. USA 96, 6014 -6019] published a pioneering paper that established the entanglement between DNA base pair motions and the transfer time of the charge carrier. The DNA assemblies contained an ethidium covalently bound via a flexible alkyl chain to the 5 hydroxyl group of the DNA backbone. Although covalently attached, the loose way in which the ethidium was linked to DNA allowed for large degrees of conformational freedom and thus raised some concern with respect to conformational inhomogeneity. In this letter, we report studies on a different set of ethidium DNA conjugates. In contrast to the ''Caltech systems,'' these conjugates contain ethidium tightly incorporated (as a base pair surrogate) into the DNA base stack, opposite to an abasic site analog. Despite the tight binding, we found that charge transfer from the photoexcited ethidium base pair surrogate across two or more base pairs is several orders of magnitude slower than in case of the DNA systems bearing the tethered ethidium. To further broaden the scope of this account, we compared (oxidative) electron hole transfer and (reductive) electron transfer using the same ethidium chromophore as a charge donor in combination with two different charge acceptors. We found that both electron and hole transfer are characterized by similar rates and distance dependencies. The results demonstrate the importance of nuclear motions and conformational flexibility and underline the presence of a base gating mechanism, which appears to be generic to electronic transfer processes through -stacked nucleic acids.
conformational gating ͉ electron transfer ͉ ultrafast spectroscopy ͉ hole transfer O ver the last decade, there were many conf licting reports on the electronic conduction properties of DNA (1) (2) (3) (4) . From the multitude of studies in various laboratories, it has emerged that DNA must be understood as a dynamic medium with nuclear f luctuations, which extend over many time scales (5) (6) (7) (8) (9) (10) (11) . Since the first femtosecond time-resolved experiments on ethidium (E) nucleotide complexes were reported (12) , it has become clear that charge transfer through the base stack cannot be reduced to a static ''donor-bridge-acceptor'' problem. Several studies followed that highlighted the importance of conformational gating for electronic transfer processes in DNA (6 -11, 13) and peptides (14) . The work presented here was motivated and inspired by the first publication on real-time DNA charge-transfer dynamics with photoexcited E in 1999 (5) . The DNA systems investigated by the California Institute of Technology (Caltech) group contained E as chromophore that has been covalently attached to the 5Ј terminal hydroxyl group of one of the oligonucleotides (15) . Femtosecond anisotropy measurements revealed that the f lexible alkyl chain linker warranted site-specific intercalation (within an error of 1 bp distance) without significantly restraining the orientational motions of E within the base stack (5) .
In most previous experiments, E has been used as a noncovalently bound and intercalated charge donor (16 -23) . In principle, organic chromophores like E can be synthetically incorporated as charge donors into oligonucleotides either by covalent attachment to natural DNA bases or by replacing natural bases or even base pairs (24) . Recently, we reported the successful synthetic procedure for DNA duplexes bearing the phenanthridinium heterocycle of E as a base pair surrogate (25, 26) . Then, we applied the emission of the photoexcited E in combination with oxidative hole transfer (HT) to detect single base pair mismatches in duplex DNA (27) . Fig. 1 shows nine duplexes (DNA1-DNA9) bearing the synthetically incorporated base pair surrogate E. Although it was shown that the counterstrand DNA base opposite E has only a minor inf luence on the f luorescence properties and therefore on the stacking interactions of E (26), the abasic site analog (S) was chosen to warrant an optimal insertion of E (25) . It is well established that photoexcited E does not undergo charge (i.e., electron or electron hole) transfer with any of the natural DNA bases [oxidation: 
Results and Discussion
. Thus, suitable charge acceptors have to be provided. This task is conveniently done by choosing artificial DNA bases with similar steric demand as natural purines but alternated charge-accepting capabilities. 7-Deazaguanine (Z) is known to be a stronger electron hole acceptor than guanine [E(Z ϩ /Z) Х 1.3 V (see ref.
29)] and has been used in various oxidative HT studies (5, 12, 15, 23, 27) . For reductive electron transfer (ET), it was suggested that methyl viologen (MV) (16 -18) or other viologens (32) represent suitable acceptors based on their redox potentials
. Recently, we reported ET experiments using noncovalently bound MV (25) . All attempts to incorporate derivatives of MV as an artificial base synthetically into oligonucleotides failed because of their instability under basic conditions. As an alternative, 5-nitroindole (N) has similar redox properties [E(N/N Ϫ ) Х Ϫ0.32 V (see ref.
34)] and therefore should be a suitable electron acceptor. N behaves as a universal base analog; hence, the counterbase of N can be chosen arbitrarily (35, 36) . However, because Z preferentially pairs with C, C was chosen as the counterbase of both Z and N.
Note that by using this set of functionalized DNA (Fig. 1) , it is possible to directly compare the dynamics of oxidative electron HT and reductive ET in structurally similar donor-DNA-acceptor assays, which has not been previously reported. It is important to note here that based on redox potentials, the driving force for both types of charge transfer (reductive ET and oxidative HT) is very similar (Ϸ0.2 eV; 1 eV ϭ 1.602 ϫ 10 Ϫ19 J). The steady-state fluorescence spectra (shown in Figs. 4-6, which are published as supporting information on the PNAS web site) of DNA1-DNA3 (that serve as reference systems without a charge acceptor) exhibit very similar emission quantum yields, consistent with the absence of any charge transfer. In contrast, the emission quantum yields of the other two sets of conjugates (DNA4-DNA6 and DNA7-DNA9) show similar quenching of the fluorescence (see Fig. 3a ) with a linear distance dependence of the quenching yield.
E has a spectrum of excited-state lifetimes (from 2 to 25 ns) depending on its microscopic environment and specifically on the accessibility of surrounding water molecules (37) . To illuminate the ultrafast charge transfer dynamics in these conjugates, we applied femtosecond broadband pump-probe spectroscopy (38) .
As expected, the G-containing duplexes (DNA1-DNA3) do not show a subnanosecond time component. Neither did we find a significant short time component in the decay of the pump-probe spectra of those conjugates where Z/N are separated by Ͼ1 bp (DNA5, DNA6 and DNA8, DNA9). Fig. 2 depicts the temporal evolutions of the transient absorption spectrum of the lowest excited E state. For DNA4 and DNA7 (Fig. 2 a and b) , where charge transfer occurs rapidly across a single intervening base pair, the spectra show a pronounced decay that is absent in the corresponding reference duplex DNA1 (Fig. 2c) . The transient decays (illustrated in Fig. 2d ) have been fitted to 50 ps (amplitude 22%) for DNA4 and to 150 ps (amplitude 27%) for DNA7, respectively. The amplitudes of the picosecond time components ref lect the fractions of reactive molecules with favorable, well stacked structures, already present in the ground state (5). The absence of ultrafast dynamics in the conjugates with larger donor/ acceptor distances on the one hand, and the presence of f luorescence quenching in these systems (Fig. 3a) on the other hand, indicate that charge transfer occurs on the nanosecond time scale. To quantify the actual rates, we measured the nanosecond f luorescence lifetimes (see Tables 1-3 , which are published as supporting information on the PNAS web site). The charge transfer rates were directly calculated from the 
Although the multiexponential nature of the fluorescence decays renders a precise analysis of the slow charge transfer dynamics impossible, this approach allows us to specify the time scale for charge transfer across multiple base pairs. Fig. 3b displays the measured rates for HT (red) and ET (blue) in addition to the HT rates obtained for the Caltech systems (black, gray; taken from ref. 5). ¶ The difference for HT rates across Ͼ1 bp is astoundingly dramatic (4-5 orders of magnitude). It is obvious that E, when rigidly inserted as a base pair surrogate, does not facilitate ultrafast HT over a distance of Ͼ1 bp. Note that this finding is true for both types of charge transfer, reductive ET and oxidative HT.
Photoinduced charge transfer in most covalently modified DNA conjugates displays steep distance dependence at short distances. Recently, Lewis et al. (40) determined the mechanistic crossover between direct ''superexchange-type'' HT and an indirect ''hopping'' mechanism. ʈ It must be noticed, however, that these two mechanistic classifications are simplistic in the sense that they do not account for explicit nuclear motions. The apparent differences in the charge transfer dynamics observed in the intercalated E duplexes (5) and in the conformationally more rigid hairpin systems are likely due to inherently different nuclear motions in these conjugates. The direct comparison between the base pair surrogate E and the intercalated tethered ¶ As in the Caltech systems, the fluorescence lifetimes were not purely monoexponential. In addition to the major lifetime component (85-90% amplitude), which varied between 14 and 19 ns, there was a minor component between 2 and 4 ns in all conjugates. The mean fluorescence lifetime was calculated as the amplitude-weighted average of the two decay components.
ʈ The Caltech systems showed two rate constants for HT that were both independent of the E/Z distance (see ref. E conjugate demonstrates the critical role that nuclear motions play for the optimization of the various parameters that govern charge transfer rates. The fact that HT and ET across a single base pair occur on the time scale of 100-ps proves that the inserted E moiety in DNA1-DNA9 is strongly coupled within the base stack. The amplitude of the fast component signal reflects the fraction of molecules that do not need to undergo nuclear rearrangement before the transfer. High rates for charge transfer over larger distances require a sampling of the accessible configurations, which is not possible (or strongly limited) in the DNA duplexes bearing the E base pair surrogate.
Our results show that both ET and HT follow the same fundamental relationship between the nuclear motion of the base pairs and the actual charge transfer, a mechanistic concept that has been termed as ''gating effect.''
Conclusion
The results presented here solidify the notion that both rates and distance dependencies of charge transfer through DNA are controlled by the nuclear base pair dynamics, an important concept that appears to be generic for all electronic transfer processes involving -stacked nucleic acid assemblies. They also show that strong electronic coupling and base stacking must not be confused with tight binding. Efficient transfer over an extended range is only possible when assisted by nuclear motions and conformational sampling, which leads to conformational gating. The time scale for this motion is 10-100 ps. Thus, conformational flexibility that can be exerted on this time scale warrants effective interaction (and high rates) between adjacent base pairs.
Our synthetic DNA conjugates provide tight binding of the chromophore within the base stack, but they are conformationally rigid at the insertion site and do not permit sufficient nuclear motions to gate charge transfer. The DNA conjugates presented here allow for a previously undescribed direct comparison between oxidative HT and reductive ET in structurally similar donor-acceptor arrangements. Although the details of reductive ET may be different, both ET and HT are equally entangled with nuclear motions involving donor, acceptor, and the intervening medium.
Materials and Methods
For a description of the materials and methods, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
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